Corrosion resistance of enamel coating modified by calcium silicate and sand particle for steel reinforcement in concrete by Tang, Fujian
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
Spring 2014 
Corrosion resistance of enamel coating modified by calcium 
silicate and sand particle for steel reinforcement in concrete 
Fujian Tang 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Materials Science and Engineering Commons 
Department: 
Recommended Citation 
Tang, Fujian, "Corrosion resistance of enamel coating modified by calcium silicate and sand particle for 
steel reinforcement in concrete" (2014). Masters Theses. 7280. 
https://scholarsmine.mst.edu/masters_theses/7280 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 







CORROSION RESISTANCE OF ENAMEL COATING MODIFIED BY CALCIUM 












Presented to the Faculty of the Graduate School of the  
 
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY 
 
In Partial Fulfillment of the Requirements for the Degree 
 
 














Richard K. Brow, Advisor 
Genda Chen, Co-advisor 








































All Rights Reserved 
  
iii 
PUBLICATION THESIS OPTION 
 This thesis has been prepared in the style utilized by Construction and Building 
Materials. It consists of two papers, the first paper (pages 21-50) has been published in 





















 Porcelain enamel has stable chemical property in harsh environments such as high 
temperature, acid and alkaline, and it can also chemically react with substrate reinforcing 
steel resulting in improved adherence strength. In this study, the corrosion resistances of 
enamel coating modified by calcium silicate and sand particles, which are designed for 
improved bond strength with surrounding concrete, were investigated in 3.5 wt% NaCl 
solution. It consists of two papers that describe the results of the study.  
The first paper investigates the corrosion behavior of enamel coating modified by 
calcium silicate applied to reinforcing steel bar in 3.5 wt% NaCl solution by OCP, 
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization. The 
coatings include a pure enamel, a mixed enamel that consists of 50% pure enamel and 
50% calcium silicate by weight, and a double enamel that has an inner pure enamel layer 
and an outer mixed enamel layer. Electrochemical tests demonstrates that both pure and 
double enamel coatings can significantly improve corrosion resistance, while the mixed 
enamel coating offers very little protection due to connected channels.   
 The second paper is focused on the electrochemical characteristics of enamel 
coating modified by sand particle applied to reinforcing steel bar in 3.5 wt% NaCl 
solution by EIS. Six percentages by weight are considered including 5%, 10%, 20%, 
30%, 50%, and 70%. Results reveal that addition of sand particle does not affect its 
corrosion resistance significantly. Most of the sand particles can wet very well with 
enamel body, while some have a weak zone which is induced during the cooling stage 
due to different coefficient of thermal expansion. Therefore, quality control of sand 
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1.1 HISTORY, CONSTITUENTS, AND APPLICATION OF ENAMEL  
The technique of enameling dates back to over 3000 years ago, when it was used 
to decorate the surfaces of objects for aesthetic purposes. With advent of industrial 
revolution, it began to be used as a coating material applied to iron and steel for other 
purposes, such as corrosion protection, heat resistance, abrasion resistance, hygiene, and 
so on [1-4]. Today, enamel is widely used in domestic appliances, industrial 
environments and the construction industry. In the home, cooking utensils like hot dishes, 
cooking ware [5, 6], oven, and so on, are coated with enamel, because it is easy to clean, 
can prevent the growth of bacteria, does not absorb odors, and is not attacked by food 
acids. In industry, it is commonly used as a protective coating in harsh environments such 
as acid, alkaline, high temperature for the interior protection of tanks, boilers, ovens, 
tubes and stove components [7, 8], because of its chemical inertness. In construction 
industry, enamel is used as decoration for cladding buildings or for interior decoration, as 
it combines a rigid steel substrate with various surface effects such as texture, reflectivity, 
salt and pepper effects and metallized colors.  
 Enamel is a glass obtained by fusion at high temperature between 1000°C and 
1300°C, and the main constituent in enamel is silica with is the most abundant material in 
the earth’s crust. In order to change its property for specific application, other materials 
are added. In general, the raw materials used in enamel can be divided into six groups, 
namely, refractories, fluxes, opacifiers, colors, floating agents, and electrolytes [1]. 
Refractories help in the development of the enamel’s structure and mechanical strength, 




refractory oxide that increases the enamel’s resistance to temperature, chemical attack, 
and abrasion. Fluxes are used to react with refractories to form the glass, these include 
borax, soda ash, cryollite, and fluorspar. Other oxides containing sodium (Na2O), 
potassium (K2O), lithium (Li2O), calcium (CaO), and magnesium (MgO) are also used as 
a fluxing agent [1].  Adhesion agents are added to an enamel to promote the adhesion 
between the enamel and the steel. These oxides include nickel (NiO), molybdenum 
(MoO2), cobalt (Co3O4), cupric (CuO), manganese (MnO2) and chromic oxides (Cr2O3). 
Opacifiers serve in the development of enamel’s visual qualities. The commonly used 
opacifiers include titanium dioxide (TiO2), antimony oxide (Sb2O5), zirconium oxide 
(ZrO2), and tin oxide (SnO2). The color materials produce different colors, these may be 
oxides, elements, or salts. The floating agents are mill additions which are used to 
suspend the enamel in water or some other liquid, and these include clay, gums, 
bentonite, and others.  
Enamel may be applied to a steel surface using either the wet or dry process. The 
wet process needs preparation of enamel slurry. In the wet process, steel is dipped into a 
vat containing enamel slurry or enamel slurry is sprayed upon the surface of the steel 
using air-assisted spraying or electrostatic spraying. The dry application is carried out by 
applying an electric field between the nozzle electrode and the part to be enameled, and it 
uses enamel particles instead of enamel slurry. 
 Now, one layer or two layer enamels are commonly used.  The two layer enamel 
includes a ground coat enamel and a cover coat enamel. The ground coat enamel ensures 
the adherences between the coating and the substrate [9-11], and it usually contains metal 




aggressive environments, for example, addition of TiO2 increases acid resistance, use of 
ZrO2 enhances alkaline resistance, and application of ZrO2 and Al2O3 improves corrosion 
resistance for water-heater applications [12]. The cover coat enamel mainly provides 
different surface properties [2].  
1.2 RESEARCH OBJECTIVES 
 The main objective of this study is to characterize the corrosion resistance of 
enamel coatings modified by calcium silicate and sand particles, which are designed to 
increase the bond strength of reinforcing steel bar with surrounding concrete in reinforced 
concrete (RC) structures. Addition of calcium silicate can increase the bond strength 
between enamel coating and concrete by chemical reaction, typically chemical bond. The 
use of sand particles can enhance the bond strength by mechanical interlocking with 
surrounding concrete due to increased surface roughness. The scientific contributions of 
this research are described in two manuscripts that make up the body of the thesis.  
Paper I. The first paper investigated the effect of additions of calcium silicate to enamel 
coatings on the microstructure and corrosion properties. Three types of enamels were 
developed with different purposes: pure enamel is a commercially available products 
which is used to increase the corrosion resistance as a coating, mixed enamel is made of 
mixing 50% of calcium silicate from Portland cement with 50% of pure enamel, which is 
designed to chemically bond to the surrounding concrete for enhanced bond strength; 
double enamel is a two layer coating with an inner layer of pure enamel to increase 
corrosion resistance and outer layer of mixed enamel to enhance bond strength.    
Paper II. The second paper studied the electrochemical characteristics of coatings 




investigated: 5%, 10%, 20%, 30%, 50%, and 70%. Effects of sand particle on the surface 
and cross sectional morphologies were characterized with scanning electron microscopy 
(SEM). In the end, the electrochemical results were also compared with sample modified 

















2. LITERATURE REVIEW 
 
2.1 CORROSION OF STEEL IN CONCRETE 
 Reinforcement steel in concrete structures is generally protected by a passive film 
which is formed due to the highly alkaline environment of the fresh concrete. However, 
this protective film can be destroyed by penetration of carbon dioxide or aggressive ions 
such as chloride. Therefore, two types of corrosion commonly occur in RC structures.  
2.1.1 Carbonation-induced Corrosion. When carbon dioxide diffuses into 
concrete, in the presence of water, it reacts with calcium hydroxide to form calcium 
carbonate as shown in Equation (2.1). As a result, the pH of the pore solution is reduced. 
A reduction in the pH value of pore solution below 8.3 causes depassivation of the steel 
bars and initiation of corrosion, due to dissolution of the protective passive film. This 
process is called carbonation-induced corrosion. The evolution of the concrete 
carbonation processes with time depends on the composition of the concrete and the 
environmental conditions. The main compositional parameters of concrete are the 
chemical composition of cement, the water to cement ratio, and aggregate to cement ratio 
of the concrete. The main environmental factors are the ambient CO2 concentration and 
the ambient relative humidity.  
 
CO2 + Ca(OH)2 → CaCO3 + H2O                                                                                  (2.1)  
 
Carbonation is controlled by the ingress of carbon dioxide into the concrete pore 




Therefore, the carbonation rate is diffusion-controlled and the diffusion coefficient for 
carbon dioxide in carbonated concrete is the characteristic transport coefficient. 
Assuming a constant diffusion coefficient for the carbonated concrete layer, the depth of 
carbonation can be derived from Fick’s first law of diffusion approximated by: 
 
dx
dt   =  
D
x
                                     																																																															                             (2.2) 
 
where x is the distance of carbonation front to the surface, t is time, and D is a diffusion 
coefficient [14]. However, the application of Fick’s first law of diffusion using constant 
parameters has limitations, because D varies with location x and is strongly dependent on 
the moisture content in the concrete pores.  
Experimental studies have been carried out and empirical equation or models 
have been proposed to describe the carbonation process of concrete. Experimental studies 
on carbonation of various fly ash concretes under laboratory and atmospheric conditions 
were conducted by Thomas and Matthews [15]. Recent accelerated carbonation and 
weathering studies were reported by Roy et al. [16]. Brieger and Wittmann [17] set up a 
model for the carbonation reaction, and it was combined with a one-dimensional 
diffusion model for heat, moisture and CO2 flow by Saetta et al. [18] who proposed a 
two-dimensional extension later [19]. Jiang et al. [20] proposed a mathematical model for 
carbonation of high-volume fly ash concrete. Papadakis et al. [21] proposed a simple 
mathematical model for the evolution of carbonation over time. Steffens et al. [22] 
developed a theoretical model to predict carbonation of concrete structures by means of 




2.1.2 Chloride-induced Corrosion.  Chlorides exist in concrete in two forms: 
free and bound. When free chloride ions from environmental solutions penetrate into the 
concrete, some of them will be captured by the cement hydration products, which is 
called “chloride binding”. The other chloride ions that are not captured will continue to 
transport into concrete. In general, chloride transport in concrete is a rather complicated 
process, which involves ion diffusion, capillary suction and convective flow with flowing 
water, accompanied by physical and chemical binding. Sometimes, the mechanism of 
migration is involved in the presence of external electrical potential [23].  
Diffusion is the movement of a substance under a gradient of concentration or, 
more strictly speaking, chemical potential, from an area of high concentration to an area 
of low concentration. When a chloride gradient exists within the concrete and pore 
solution is present, chloride ions may then diffuse through the concrete. To understand 
the chloride transport mechanism, Fick’s second diffusion law [24] was used to simulate 
the diffusion process of chloride ions. In this case, the flux of chlorides at any time is 
proportional to the gradient of chloride concentration in the mortar of semi-infinite 









                                                                                                                  (2.3)  
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where x represents the depth from the surface of the mortar cylinder, t denotes the 
exposure time, xC  is the chloride ion concentration at depth of x after an exposure time t, 
sC is the chloride ion concentration at the surface of the mortar specimen, aD  is the 
apparent chloride diffusion coefficient, and erf  represents the Gaussian error function.  
Over the last fifty years, a considerable amount of papers has been published 
presenting values for critical chloride content in reinforced concrete, because critical 
chloride content is one of the most important input parameters to predict initiation of 
corrosion due to arrival of chloride at the steel surface. For example, Augst et al. [26] 
summarized the state of the art by presenting the concept of the critical chloride content, 
discussing influencing factors, and assessing available measurement techniques. Ann et 
al. [27, 28] discussed the critical threshold level of chloride for steel corrosion in concrete 
as well as the importance of chloride content at the concrete surface. And Poupard et al 
[29] studied the chloride action on depassivation of a steel bar in cement based material 
and quantified the chloride concentration threshold by use of impedance spectroscopy. 
Yu et al. [30] experimentally investigated the chloride threshold content for a series of 
self-compacting concrete and regular concretes.  
2.2 CORROSION TEST METHODS 
 As a result of the development of the fundamental understanding of corrosion, a 
lot of electrochemical techniques exist for the study of corrosion. It is not the purpose of 
this thesis to present a comprehensive summary of electrochemical methods for corrosion 




2.2.1 Open-circuit Potential. Corrosion of steel is a process of two main 
electrochemical reactions: oxidation of steel and reduction of oxygen, which are 
represented by equations (2.5) and (2.6), respectively. The so-called half-cell potential 
represents the mixed potential of these two reactions, which is an important indicator of 
reaction activity according to the Nernst equation (2.7).   
 
Fe → Fe2+ + 2e-                                                                                                             (2.5) 
 
O2 + 2H2O + 4e-→ 4OH-                                                                                                 (2.6) 
 
0 ln([ ] [ ] )oc p RE E RT C C nF= −                                                                                    (2.7) 
 
where Eoc is the open-circuit potential, E0 is the half-cell potential in standard condition, 
R  is the gas constant, T  is the absolute temperature, F is the Faraday constant, n is the 
number of moles of electrons transferred in the cell reaction, and [ ]pC  and [ ]RC  represent 
the concentration of corrosion products and reactants, respectively [12]. Eq. (2.7) 
indicates that the open-circuit potential is a function of the ratio of product concentration 
to reactant concentration. The higher the product concentration, the lower the open-
circuit potential is. Therefore, open-circuit potential can be an indirect indicator of 
corrosion activity.  
The measurement of the corrosion potential for RC structures is covered in ASTM 
C-876 [31]. It must be emphasized that the half-cell potential alone does not provide 
information on the corrosion rate of the specimens. According to this guideline, the 
probability of corrosion initiation is greater than 90% when open-circuit potentials are 




method has some drawbacks. Theoretical considerations and practical experience have 
shown that the results require careful interpretation because a lot of factors can affect the 
measured corrosion potentials. For example, a steel bar placed within an environment 
lacking oxygen is capable of generating highly negative potentials that may reach beyond 
-350 mV which corresponds to a 90% probability that the steel is corroding.  However, 
with a lack of oxygen, the cathodic reaction may not be established.   
2.2.2 Tafel Extrapolation. This technique uses data obtained from cathodic and 
anodic polarization measurement. Cathodic data are preferred, since these are easier to 
measure experimentally. Figure 2.1 illustrates the typical polarization curve, and can be 
mathematically expressed as [32]: 
 
2.3( ) 2.3( )(exp[ ] exp[ ])corr corrcorr
a c
E E E E
i i β β
− − −
= −
                                                      (2.8) 
 
where i is the current measured as a function of applied potential E, Ecorr is the corrosion 
potential, icorr is the corrosion current density, and βa and βa are the anodic and cathodic 
Tafel slopes, respectively.  
In Figure 2.1, the total cathodic curves correspond to oxygen reduction reaction 
(Equation 2.6) and the anodic curve corresponds to steel dissolution (Equation 2.5) 
interact at the corrosion potential. By linearly fitting the straight portion of the cathodic 
and the anodic curves, the corrosion potential can be determined. The corrosion potential 
corresponds to the condition that the rate of oxygen reduction is equal to the rate of steel 




slopes of both fitted anodic and cathodic straight lines are the two Tafel constants, βa for 
anodic polarization and βc for cathodic polarization.  


















Figure 2.1 Typical polarization curve. 
 
2.2.3 Electrochemical Impedance Spectroscopy. Electrochemical Impedance 
Spectroscopy (EIS) is an electrochemical technique that allows the physical properties of 
a material to be related to its chemical properties. EIS provides a more thorough 
understanding of an electrochemical system than any other electrochemical technique. Its 
experiment involves the application of a wide range of sinusoidal frequencies at low 
voltage amplitudes to a sample material. The different frequency excitations allow 
measurement of several electrochemical reactions that take place at very different rates as 
well as the measurement of the capacitance of the electrode. EIS is a powerful tool in the 
study of coating performance [33-37]. This technique allows the deterioration of a 
coating to be evaluated from the changes induced in impedance diagrams by the 
appearance of surface phenomena (pores or defects, delamination at metal/coating 




modeled as an equivalent circuit which consists of a number of electrical elements such 
as resistors, capacitors, inductors and so on.  From changes in the simulated electrical 
element, we can identify the changes in coatings and detect coating damage due to 
corrosion. 
Figure 2.2 shows the typical equivalent circuit for simulation of EIS results. In 
this circuit, Rs represent the solution resistance, Rp is the polarization resistance or charge 
transfer resistance, Cdl or CPEdl represent the double layer capacitance. Replacement of 
the capacitance with the constant phase element (CPE) was attributed to the non-
homogeneity induced by the coating [38-41]. CPE is defined by two parameters Y and n. 
When n = 1, CPE resembles a capacitor with capacitance Y. When n =0, CPE represents a 





Figure 2.2 Typical equivalent circuit for EIS test. 
 
2.3 PROTECTIVE COATINGS 
Use of protective coating on reinforcement steel is one of the most effective 
methods to protect from corrosion, because it can establish a physical barrier between the 
corrosive chemicals and the reinforcement steel. The following section gives a brief 
summary of the two widely used protective coating on reinforcement steel: fusion bonded 




2.3.1 Fusion Bonded Epoxy.  As a protective coating for reinforcement steel in 
RC structures, Fusion bonded epoxy coatings were developed in the 1970s in North 
America. Earlier laboratory studies showed that the epoxy coating can provide effective 
corrosion protection to steel reinforcement in carbonated or chloride contaminated 
concrete [42-44]. Later, however, field surveys conducted by the Florida Department of 
Transportation (FDOT) discovered that ECR embedded within the substructure of several 
relatively new marine bridges had begun to exhibit signs of corrosion.    
 Protection of reinforcement steel by epoxy coating is based on the principles of 
acting as both a physical and electrochemical barrier. As a physical barrier, the epoxy 
coating prevents penetration of aggressive chloride ions and other corrosive elements, 
which would initiate the corrosion of steel. The coating has also shown the ability to 
reduce macrocell corrosion by limiting both the size and the number of locations along a 
bar where the cathodic reaction can occur.  
 The effectiveness of epoxy to prevent steel from corroding is highly dependent 
upon the degree to which it is adhered to the steel. Laboratory studies have shown that 
potassium (K) and sodium (Na) ions can expedite the debonding process, especially when 
breaks within the coating exist [45]. Research has also discovered that the rate of 
debondment increases as the relative humidity within the concrete, at a depth equal to 
that of the embedded ECR, reaches 60 percent or higher.   
 Another concern about effectiveness of epoxy coatings is initial coating 
imperfections and additional surface damage induced by shipping, handling and a severe 
construction environment. The damaged coating area provides a pathway for aggressive 




exposed steel. Furthermore, once initiated, corrosion can extend beneath the coating, 
which is called under-film corrosion [46].  
2.3.2 Hot Dipped Galvanized Zinc. Galvanized steel bars can be used as a 
preventive measure to control corrosion in reinforced concrete structures. They are 
produced by the hot-dip galvanizing process. This process produces a metallic coating 
composed of various layers of iron-zinc alloys, which has a metallurgical adhesion to the 
steel substrate. The whole layer could be approximately divided into two layers, the 
external layer is pure zinc formed by solidification of liquid zinc, and the middle layer is 
iron-zinc alloy as a result of formation of brittle intermetallic compounds [47].   
The protective properties of zinc coatings are due for the most part to the external 
layer of zinc, which can form a passive film of calcium hydroxyzincate. This passive film 
that formed on zinc not only reduces the rate of the anodic process (zinc dissolution), but 
even hinders cathodic reactions of oxygen reduction and hydrogen development [48].  
Unlike epoxy coatings, defects or breaks within the protective zinc coating will 
not reduce the corrosion performance of galvanized steel reinforcement, because the zinc 
surrounding the defect will sacrificially corrode to protect the underlying steel. Because 
of this property, a great deal of attention must be paid when using both uncoated (bare) 
steel rebar and galvanized steel rebar within a structure, for an accelerated depletion of a 
galvanized steel bar’s zinc coating may occur when it contacts with an uncoated steel bar.  
This coupling effect would lead to a significant reduction in the long term corrosion 
performance of galvanized steel rebar [14]. In addition, galvanized steel rebar have two 
main concerns in engineering application. First, the zinc coating corrodes vigorously due 




the hydrogen produced in the cathodic reaction would increase the porosity of adjacent 
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ABSTRACT 
Corrosion behavior of enamel-coated reinforcing steel bars in 3.5 wt.% NaCl 
solution is evaluated by open–circuit potential, electrochemical impedance spectroscopy 
(EIS) and potentiodynamic polarization testing. Three types of enamel coating are 
investigated: a pure enamel coating, a mixed enamel coating that consists of 50% pure 
enamel and 50% calcium silicate by weight, and a double enamel coating that has an 
inner pure enamel layer and an outer 50/50 enamel layer. The coatings are characterized 
with X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy 
dispersive X-ray spectroscopy (EDS) techniques. SEM images reveal that all three 
enamel coatings have a porous structure. The pores in the pure and double enamel are 
disconnected, while those in the mixed enamel are interconnected. Electrochemical tests 
demonstrate that both pure and double enamel coatings can significantly improve 
corrosion resistance, while the mixed enamel coating offers very little protection.   







Reinforced concrete is the dominant building material around the world since raw 
materials such as gravel, sand, water and cement are widely available. In addition, 
reinforced concrete is often the most economical choice compared to other construction 
materials. However, due to the inherent permeability of concrete, aggressive species such 
as chloride ions and carbon dioxide can penetrate the concrete cover and break down the 
protective passive film formed on the surface of reinforcing steel [1-3]. The breakdown 
of this passive film initiates corrosion of the reinforcing steel, which in turn causes 
cracking of the concrete due to expansion of the corrosion products over time. This 
corrosion-induced cracking of the concrete allows additional moisture to reach the 
reinforcing steel and thus increase the corrosion rate, eventually leading to severe 
structural deterioration and reduced load-carrying capacity [4-6].    
Existing methods developed to prevent corrosion of steel reinforcement include 
low-permeability concrete, protective coatings on the reinforcement [7, 8], addition of 
corrosion inhibitors to the concrete [9, 10], and cathodic protection [11]. Among these 
methods, protective coatings, which establish a barrier between the porous concrete and 
reinforcing steel and include fusion-bonded epoxy and zinc (galvanized rebar), are 
perhaps the most economical and durable methods available. However, none of the 
existing coatings can provide complete protection, particularly after they suffer minor 
damage during transportation and/or construction [12, 13]. Ceramic coatings possess 
excellent chemical resistance and stability at high temperatures and are widely used in 
industry and on household cooking appliances to protect steel [14]. The ability of ceramic 




documented by previous researchers [15, 16]. In recent years, enamel coatings have been 
applied to reinforcing steel for corrosion protection and bond enhancement with concrete 
[17-19].  
This study aims at investigating the corrosion performance of enamel-coated 
reinforcing steel in 3.5 wt.% NaCl solution. Three types of enamel coating are considered 
in this study: a pure enamel coating, a mixed enamel coating that consists of 50% pure 
enamel and 50% calcium silicate by weight, and a double enamel coating that has an 
inner pure enamel layer and an outer 50/50 enamel layer. The coatings are characterized 
with X-ray diffraction (XRD) and scanning electron microscopy coupled to an energy 
dispersive spectrometer (SEM/EDS). The corrosion performance of the coatings is 
evaluated by open-circuit potential, electrochemical impedance spectroscopy and 
potentiodynamic polarization testing.  
2. EXPERIMENTAL DESIGN AND PLAN 
2.1 Preparation of Enamel Coatings and Samples 
Grade 60 smooth reinforcing steel bar with a diameter of 13 mm was used in this 
study. Its chemical composition is shown in Table 1. Three types of enamel coatings were 
used: pure enamel (PE), mixed enamel (ME), and double enamel (DE). The typical 
chemical composition of the pure enamel is shown in Table 2 [20].  The mixed enamel 
consisted of 50% pure enamel and 50% calcium silicate by weight that was obtained by 
mixing enameling frit with Portland cement [21]. The double enamel is a two-layer 
system with an inner pure enamel layer and an outer mixed enamel layer. For the pure 
enamel and mixed enamel coatings, after each steel bar was cleansed with a water-based 




to drive off moisture. The enamel coated steel bar was then heated in a gas-fired furnace 
to 810 °C for 10 minutes, and finally cooled to room temperature. For the double enamel 
coating, cleaned steel bar was first dipped into the pure enamel slurry and heated for 2 
minutes at 150 °C, and then dipped into the 50/50 enamel slurry and heated again to drive 
off moisture before firing to 810 °C for 10 minutes. The final firing treatment melts the 
glass frit and fuses the enamel to the steel. 
Each steel bar sample was sectioned into 89 mm lengths and a copper wire was 
welded at one end to provide an electrical connection. PVC tubes containing epoxy resin 
were used to cover the two exposed ends, as shown in Fig.1. Therefore, the actual length 
of steel potentially exposed to the corrosive environment was approximately 50.8 mm 
long, and the surface area is approximately 20.26 cm2. The samples ready for testing are 
shown in Fig. 2. Three samples were prepared for each condition, including three 
uncoated steel bars (UN). 
2.2 Characterization of Enamel Coatings  
The phase composition and microstructure of the enamel coatings were 
investigated with X-ray diffraction (XRD, Philip X’ Pert) and scanning electron 
microscopy (SEM, Hitachi S4700) coupled to an energy dispersive X-ray spectroscopy 
(EDS). XRD was conducted directly on the surface of the enamel coated steel bar 
samples and uncoated steel bar samples. For SEM measurements, 3.0-cm-long 
longitudinal cross sections were cut, cold-mounted and ground with silicon carbide 
papers with grits of 80, 180, 320, 600, 800, and 1200. The samples were rinsed with 




avoid any potential disturbance of other elements, a carbon coating was applied during 
the SEM preparation. 
2.3 Electrochemical Tests 
All samples were immersed to 3.5 wt. % NaCl solution. The solution was made 
by mixing purified sodium chloride with deionized water. The pH of the solution was 
5.72 at room temperature. A typical three-electrode set-up was used for all 
electrochemical tests. A 25.4 mm×25.4 mm×0.254 mm platinum sheet functions as a 
counter electrode, a saturated calomel electrode (SCE) as a reference electrode, and the 
rebar sample as the working electrode. All three electrodes were connected to a Gamry, 
Reference 600 potentiostat/galvanostat/ZRA for data acquisition. Open-circuit potentials 
were recorded for a period of one hour immediately after the samples were immersed in 
the solution. The electrochemical impedance spectroscopy (EIS) tests were conducted at 
five points per decade around the open-circuit potential Eocp with a sinusoidal potential 
wave of 10 mV in amplitude and frequency ranging from 100 kHz to 0.005 Hz. After the 
EIS tests, the same samples were tested with the potentiodynamic polarization method 
from Eocp-300 mV to Eocp+1500 mV with a scanning rate of 1.0 mV/s.  
3. RESULTS AND DISCUSSION 
3.1 Phase Composition of Enamel Coatings Prior to Corrosion Tests 
The phase compositions of the uncoated steel bar sample and three enamel-coated 
samples are shown in Fig. 3. Pure iron (Fe) taken from the uncoated steel samples was 
analyzed and no rust was detected. The pure enamel coating mainly consists of quartz 




and double enamel coatings, most likely from the Portland cement that was added to the 
enamel slurry to produce the ME coating.  
3.2 Microstructures of Enamel Coatings 
Fig. 4 shows longitudinal cross sectional SEM images and the elemental analysis 
of the three types of enamel coatings. As shown in Fig. 4(a), the pure enamel coating is 
approximately 150 µm thick. It is thinner than both the mixed enamel and double enamel 
coatings as indicated in Figs. 4(b-1, c-1). The pure enamel coating has air bubbles that 
were formed during the firing process as a normal part of the enameling process. Its main 
elements are oxygen (O) and silicon (Si), which is consistent with the XRD results 
presented in Fig. 3(b). The mixed enamel coating is 300 µm thick, and has an amorphous 
structure as shown in Fig. 4(b). Based on the elemental analysis, the white phase in the 
SEM image is calcium silicate and the black phase is mainly the mounting epoxy. The 
mixed enamel coating has a porous microstructure with interconnected pores, as clearly 
evidenced by penetration of the mounting epoxy through the coating thickness. Two 
layers of the double enamel coating with a total thickness of approximately 240 µm can 
be observed from Fig. 4(c). The inner layer has numerous small pores and a few large 
pores with a diameter of over 120 µm, which is similar to the pure enamel coating in Fig. 
4(a) based on the elemental analysis. The close-up view of the outer layer of the double 
enamel coating is presented in Fig. 4(d). Two phases can be seen in the SEM image of 
the outer layer. Based on the elemental analysis, the black phase is similar to the PE 





3.3 Open-circuit Potential  
Fig. 5 shows the change in open-circuit potential up to 3600 sec after the uncoated 
and three types of enamel-coated steel bars were completely immersed in 3.5 wt.% NaCl 
solution. The open-circuit potential of all samples decreased rapidly in the first 500 sec 
and then slowly and linearly to the end of the test. The variation in open-circuit potential 
among the three identical uncoated samples is significantly more than that of the enamel 
coated samples. For each type of enamel coating, the final open-circuit potentials of three 
identical samples are very consistent. The variation between the three types of enamel 
coating is also very small. At the end of tests after 3600 sec of immersion, the average 
open-circuit potentials become -641±11.9 mV for the uncoated, -600±0.60 mV for the 
pure enamel coated, -587±0.70 mV for the mixed enamel coated, and -583±3.10 mV for 
the double enamel coated samples, respectively. According to ASTM C876, if the 
potential becomes more negative than -273 mV/SCE, there is a 90% probability of 
corrosion [22]. As seen from these results, the potential of all samples became more 
negative than -273 mV/SCE at the time of immersion. This is attributed to pore channels 
present in the coatings. Through any pathway of pore channels, corrosion immediately 
started in the exposed steel.  
3.4 Electrochemical Impedance Spectroscopy 
Fig. 6 presents EIS diagrams of the uncoated and enamel coated steel bars in 3.5 
wt.% NaCl solution. Individual points and solid lines represent the experimental data and 
curve fitting using an equivalent electrical circuit (EEC) model, respectively. As 
observed from the phase angle-frequency plots, one time constant appeared for uncoated 




constant at high frequency is not apparent for pure enamel and double enamel coated 
steel bars. For uncoated steel bars, the time constant is attributed to the interfacial 
properties between the solution and the substrate steel where corrosion occurs, 
representing the double layer capacitance and charge transfer resistance. For steel bars 
coated with enamels, the first time constant in the high frequency range is associated with 
the dielectric properties of enamel coating, and the second time constant in the low 
frequency range is attributed to the corrosion properties. 
The two equivalent electrical circuit (EEC) models used to fit the test results are 
illustrated in Fig. 7. Model (a) and Model (b) were used to simulate the uncoated and 
enamel coated steel bars, respectively. These models were commonly used by other 
researchers to evaluate the corrosion resistance of steel samples with and without 
coatings [23-27]. Specifically, Rs represents the solution resistance, CPEdl represents 
double layer capacitance, Rct represents charge transfer resistance, Rc represents coating 
resistance, and CPEc represents coating capacitance. Replacement of capacitance with 
constant phase element CPE in the EEC models is attributed to the non-homogeneity in 
the corrosion system [28-29]. The impedance of CPE can be represented by the following 
equation: 
 
( )1 nCPEZ Y jω =                                                                                                                 (1) 
 
Where Y and n are two parameters related to the CPE. When n = 1, CPE resembles a 
capacitor with capacitance Y. When n =0, CPE represents a resistor with resistance Y-1. 
The effective capacitance based on CPE parameters was calculated according to the 
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Where parameters Rc, Yc and nc were used to calculate the effective capacitance of enamel 
coatings Cc; Rct, Ydl and ndl were used to calculate the effective capacitance of double 
layer Cdl, respectively. The curve-fitting parameters of the EEC model for all samples are 
tabulated in Table 3, in which Yc and nc are related to CPEc, and Yct and ndl are related to 
CPEdl. These parameters were normalized by the exposed surface area of 20.26 cm2.  
Fig.8 shows a comparison of corrosion parameters extracted from the EEC 
models in terms of the solution resistance Rs, charge transfer resistance Rct and effective 
double layer capacitance Cdl. Each bar represents the average of three samples with an 
error bar representing one standard deviation. Solution resistance is related to the 
conductivity of test solution and the microstructure of enamel coatings. The mixed 
enamel coating has almost the same solution resistance as the uncoated steel bar samples, 
which is attributed to the interconnected pores inside the mixed enamel coating. These 
connected pores established numerous pathways for the solution to penetrate (moisture 
pick-up). However, the pure and double enamel coatings have isolated pores that make it 
difficult for the solution to go through the coatings. Therefore, the pure enamel and 
double enamel coatings have a higher solution resistance than the mixed enamel and 
uncoated samples. Charge transfer resistance measures the ease of electron transfer across 
the metal surface, which is inversely proportional to corrosion rate [31]. Double layer 
capacitance also reflects this point. The higher the double layer capacitance, the lower the 
charge transfer resistance. As indicated in Fig.8, the double enamel coated samples have 
the highest charge transfer resistance and the lowest double layer capacitance among all 




enamel coating has the lowest charge transfer resistance and the highest double layer 
capacitance among three coatings, indicating the worst corrosion resistance.  
Fig.9 shows the dielectric properties of enamel coatings in terms of coating 
resistance Rc and coating capacitance Cc. In general, the coating resistance and coating 
capacitance represent a degree of ability of coating to resist the penetration of electrolyte 
solution and the diffusion of test solution into the coating, respectively [32]. It is closely 
related to the dielectric properties, microstructure, thickness, and defect of enamel 
coatings. As shown in Fig. 9, the double enamel coating has the highest resistance and the 
lowest capacitance, while the mixed enamel coating has the lowest coating resistance and 
the highest coating capacitance. The difference is mainly caused by the microstructure of 
these two coatings, considering similar materials and thicknesses.  This further verifies 
the poor barrier property of the mixed enamel coating. The difference of coating 
dielectric properties between the pure enamel coating and double enamel coating is 
mainly attributed to the different coating thickness.  
The corrosion resistance of all the tested samples can be ranked in increasing 
order as uncoated steel bars, mixed enamel coated steel bars, pure enamel coated steel 
bars, and double enamel coated steel bars. All three types of enamel coating can be used 
to delay the process of corrosion. The double enamel coating has the best performance in 
protecting the steel bars from corrosion. Although the mixed enamel coating (~300 µm 
thick) is approximately twice as thick as the pure enamel coating (~150 µm thick), it still 
provides less protection of the steel bars against corrosion due to its significantly more 




coating (240 µm thick) outperforms the pure enamel coating is because the former is 
thicker than the latter. 
3.5 Potentiodynamic Polarization  
Potentiodynamic polarization curves of the uncoated and enamel coated samples 
in 3.5 wt. % NaCl solution are presented in Fig. 10. The current density was calculated by 
dividing the measured current by the exposed surface area of 20.26 cm2. The corrosion 
potential Ecorr and the corrosion current density icorr of the uncoated samples are smaller 
and larger than those of the enamel coated samples, respectively. As seen from Fig. 10, 
the anodic portion of polarization curves was likely influenced by the presence of 
corrosion products or rust that formed on the surface of uncoated steel bars, affecting the 
diffusion of oxygen, and resulting in a somewhat passive-like behavior. For coated steel 
bars, the rust may have filled the holidays of the coating and reduced the corrosion 
process by affecting the diffusion of oxygen.  
The passive current density, ipas, is an important parameter to measure the 
corrosion resistance of the steel samples in the passive state. A low passive current 
density indicates a high corrosion resistance. The passive current density obtained from 
the potentiodynamic polarization curves at a specific potential within the passive zone for 
all samples are shown in Fig. 11(a). The potential value corresponding to the passive 
current density is: 0.0 V/SCE for uncoated steel bars; 0.5 V/SCE for pure enamel, mixed 
enamel and double enamel coated steel bars. The passive current density of uncoated 
steel bars is higher than the enamel coated steel bars, indicating good protection of 
enamel coatings in the passive state. Among the three enamel coatings, the double 




highest passive current density. This is related to their microstructures. The double 
enamel coating is less porous than the mixed enamel coating as discussed before. The 
corrosion product would fill in the connected pores, resulting in a reduction of oxygen 
available, and reducing the corrosion current density.   
The corrosion potential obtained from a potentiodynamic polarization test is 
shown in Fig. 11(b). All corrosion potentials are lower than the open-circuit potential at 
the beginning of tests as displayed in Fig. 5. This is mainly caused by the disturbance of 
the charging current, and the difference between these two potentials would be enhanced 
with the increase of the scan rate as discussed in [33]. In this study, a scan rate of 1 
mV/second was used. However, this effect is small compared to the electrochemical 
systems of different samples in this study.  
The corrosion current density obtained from the polarization curves is shown in 
Fig. 11 (c).  Among the three coating systems, the pure and double enamels reveal a 
lower corrosion rate than the mixed enamel coating. On the other hand, the mixed enamel 
coating slightly reduces the corrosion rate compared with the uncoated samples. Overall, 
these comparisons are consistent with those observed from the EIS testing.  
4.  CONCLUSIONS 
The three types of enamel coatings tested in this study have different 
microstructures. The pure enamel coating (~150 µm thick) can be characterized by a few 
small cavities that are disconnected and isolated. The mixed enamel coating (~300 µm 
thick) has an amorphous structure with an interconnected pore system. The double 
enamel coating (~240 µm thick) has two distinct layers: the inner pure enamel layer with 




particles. Electrochemical results from open-circuit potential, electrochemical impedance 
spectroscopy and potentiodynamic polarization demonstrated that all three enamel 
coatings can enhance the corrosion performance of reinforcing steel bars, and the pure 
and double enamel coatings consistently outperform the 50/50 enamel coating. The 
electrochemical results are consistent with the microstructures of the enamel coatings.  
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Fig.2. Samples for:  (a) uncoated, (b) pure enamel coated, (c) mixed enamel coated, and 


















































































































Fig.3. XRD patterns for: (a) uncoated, (b) pure enamel, (c) mixed enamel, and (d) double 



















                      


















   
       




















    














       


















      

















    
        



















      




















Fig.4. SEM images and elemental analysis for: (a-1) (a-2) pure enamel, (b-1) (b-2) (b-3) 
mixed enamel, (c-1) (c-2) (c-3) double enamel, and (d-1) (d-2) (d-3) outer layer of the 
































































          







































               




















Fig.5. Open-circuit potential evolution with time for: (a) uncoated, (b) pure enamel 






































































































































































































































































































































Fig.6. EIS diagrams (number 1: Nyquist plot; number 2 and 3: Bode plots) for: (a) 
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Fig.7. Equivalent electrical circuit models for: (a) uncoated steel bar, and (b) enamel 












































































































     
Fig.8. Comparison of corrosion properties: (a) solution resistance Rs, (b) charge transfer 



































































Fig.9. Comparison of dielectric properties of three enamel coatings: (a) coating 





















































































































       Fig.10. Potentiodynamic polarization curves for: (a) uncoated, (b) pure enamel 




































































































Fig.11. Parameters extracted from potentiodynamic polarization curves: (a) passive 



























Table 1  
Chemical composition of steel bar 
Element C Si Mn P S Cr Mo Ni Co Cu V Sn Fe 













































Table 2  
Chemical composition of pure enamel  
Materials SiO2 B2O3 Na2O K2O CaO CaF2 Al2O3 ZrO2 CoO MnO2 NiO 































































UN#1 44 - - - 2230.0 0.67 2.0 
UN#2 36 - - - 3110.0 0.74 2.0 
UN#3 35 - - - 3690.0 0.75 1.8 
Pure enamel 
coated 
PE#1 270 14.7 0.59 7.9 19.3 0.78 74.6 
PE#2 267 15.4 0.57 11.9 14.7 0.77 82.5 




ME#1 38 318.0 0.52 0.1 352.0 0.89 22.4 
ME#2 47 326.0 0.50 0.2 412.0 0.83 19.1 




DE#1 11900 3.7 0.48 42.4 6.4 0.80 207.0 
DE#2 8000 2.0 0.42 56.6 3.6 0.77 241.0 



















II. ELECTROCHEMICAL CHARACTERISTICS OF SAND-PARTICLE 
MODIFIED ENAMEL CAOTINGS APPLIED TO SMOOTH STEEL BAR 
BY EIS 
 
Fujian Tang*, Richard K. Brow*, Genda Chen**, and Mike Koenigstein*** 
* Department of Materials Science and Engineering, Missouri University of Science and Technology,  
Rolla, MO 65401 
**Department of Civil, Architectural, and Environmental Engineering, Missouri University of Science and 
Technology, Rolla, MO 65409-0030 
*** Pro-Perma Engineered Coatings, Hypoint, Rolla, MO 65401 
ABSTRACT 
Corrosion behavior of sand particle modified enamel coating applied to 
reinforcing steel bars in 3.5 wt.% NaCl solution was evaluated by electrochemical 
impedance spectroscopy (EIS). Six different percentages of sand particles by weight were 
investigated: 5%, 10%, 20%, 30%, 50%, and 70%. The surface and cross sectional 
morphologies of these coatings were characterized with scanning electron microscopy 
(SEM). The results were compared with samples modified by the addition of calcium 
silicate, described in a previous study. SEM images revealed that enamel coating wet 
well with sand particles, and no micro-cracks appeared at the interfaces. Compared with 
enamel coating modified by calcium silicate, sand particle modified enamel coatings 
performed better in terms of both coating and corrosion resistances. However, some of 
the sand particles, which have different coefficients than thermal expansion than the 
enamel coating, generate weak zones around them, resulting in potential active corrosion. 
Therefore, quality control of the sand particle is the key factor to improve the corrosion 
performance when sand is added to the enamel. 






Two of the most commonly used coatings to protect reinforcement steel from 
corrosion are fusion-bonded epoxy and hot-dipped galvanized zinc [1-3]. However, 
neither of these two coatings can provide full protection to steel from corrosion. One of 
the major problems for epoxy-coated rebar is bond degradation between the bar and the 
concrete [4, 5]. The bond between rebar and concrete is a major factor in reinforced 
concrete (RC) design and this property relates to the force transmission between the rebar 
and the concrete. Other problems are coating imperfections and external damage, which 
would cause disbondment and under-film corrosion [6]. Hot-dip galvanized zinc coatings 
also have two main concerns when used in engineering applications. First, the zinc 
coating corrodes vigorously due to the high alkaline environment in fresh concrete if no 
passive film is formed. Second, the hydrogen produced in the cathodic reaction increases 
the porosity of adjacent cement pastes and thus reduces the bond strength between the 
rebar and the concrete [7].  
Porcelain enamel, as a coating material for reinforcement steel, has been studied 
for both enhanced corrosion resistance and enhanced bond strength in concrete in our 
previous work [8-12]. Specifically, three types of enamel coatings (pure, mixed, and 
double enamel) applied on reinforcement steel bar were investigated. Enamel coatings 
modified by calcium silicate (mixed enamel) are made by mixing 50% calcium silicate 
from Portland cement with 50% pure enamel, which was designed to increase the bond 
strength between steel bar and concrete by chemical reaction with the surrounding 
concrete. Results showed that the bond strength increased to different extents, however 
the corrosion resistance decreases due to changes in the coating microstructure. Pure 




the steel. The addition of calcium silicate to the enamel, however, produced connected 
channels in the enamel which provide pathways for aggressive chemical to reach the 
steel.    
Studies conducted by other researchers have shown that adding sand into an 
epoxy coating can increase the bond strength with concrete without affecting the 
corrosion resistance [13, 14]. Therefore, the addition of sand particles into the enamel 
coating could be a good option for both increased corrosion resistance and enhanced 
bond strength, because the sand particles can increase the enamel coating surface 
roughness which would increase the mechanical interlocking with concrete. 
This study aims to investigate the corrosion performance of enamel coating 
modified by sand particles applied to smooth steel bar in 3.5 wt% NaCl solution for a 
period of 35 days. Sand particles were added to levels by weight between 5% and 70%. 
The surface and cross-sectional morphologies of these coatings were characterized with 
scanning electron microscopy. The corrosion performance of the coatings was evaluated 
by electrochemical impedance spectroscopy. In addition, the results were also compared 
with those obtained for enamel coatings modified by calcium silicate, reported in earlier 
studies.  
2. EXPERIMENTAL PROCEDURES 
2.1 Preparation of Enamel Coatings and Samples 
Enamel coatings were deposited from slurries and fused to their substrates at high 
temperatures. An enamel slurry is made by milling glass frits, clay and certain 
electrolytes, then mixing with water to provide a stable suspension. In this study, a 




was used for the pure enamel. Its chemical composition is given in Table 1 [15]. A slurry 
of the pure enamel was made by first adding 454 kg of enamel frit to 189.3 litres of water 
and mixing them for 20 minutes, and then adding clay (31.8 kg) and borax (2.3 kg) as 
suspension agents, and mixing again for 3.5 hours. To get different sand particle contents, 
six different percentages of sand particles by weight were added into pure enamel frits 
including 5%, 10%, 20%, 30%, 50%, and 70%. The sand particles used have a maximum 
diameter of 1.0 mm.  
Grade 60 smooth reinforcing steel bar with a diameter of 13 mm was used in this 
study. Its chemical composition was determined and is shown in Table 2. Before coating, 
each steel bar was cleansed with a water-based solvent. For the coating process, the steel 
bar was dipped into the enamel slurry with different sand particle percentages, and then 
heated for 2 minutes at 150 °C to drive off moisture. The enamel coated steel bar was 
then heated in a gas-fired furnace to 810 °C for 10 minutes, and finally cooled to room 
temperature. The firing treatment at high temperature melts the glass frit and fuses the 
enamel to the steel. 
Each steel bar sample coated with sand particle modified enamel was sectioned 
into 89 mm lengths and a copper wire was welded at one end to provide an electrical 
connection. PVC tubes containing epoxy resin were used to cover the two exposed ends, 
as shown in Fig.1. Therefore, the actual length of steel potentially exposed to the 
corrosive environment was approximately 50.8 mm long, and the surface area was 
approximately 20.3 cm2. The samples ready for testing are shown in Fig. 2, and three 






2.2 Characterization of Enamel Coating with Sand Particles  
The microstructures of the enamel coatings were investigated with scanning 
electron microscopy (SEM, Hitachi S4700). Two types of samples were prepared to get 
both the surface and the cross-sectional morphologies. For the observation of surface 
morphologies, a 3.0-cm-long sand-particle modified enamel coated steel bar was used. 
For the observation of cross section, 1.0-cm-long samples were sliced from the bars and 
these were cold-mounted in epoxy and ground with silicon carbide papers with grits of 
80, 180, 320, 600, 800, and 1200. The samples were rinsed with deionized water, 
cleansed with acetone, and finally dried in air at room temperature. To avoid sample 
charging, a carbon coating was applied prior to SEM analyses.  
2.3 Electrochemical Test 
All samples were immersed to 3.5 wt. % NaCl solution. The solution was made 
by mixing purified sodium chloride with deionized water. The pH of the solution was 
5.72 at room temperature. The tests were conducted after 1 day, 7 days, 14 days, 21 days 
and 35 days in the NaCl solution. A typical three-electrode set-up was used for the EIS 
tests. A 25.4 mm×25.4 mm×0.254 mm platinum sheet functioned as a counter electrode, 
a saturated calomel electrode (SCE) as a reference electrode, and the rebar sample as the 
working electrode. All three electrodes were connected to a Gamry, Reference 600 
potentiostat/galvanostat/ZRA for data acquisition. The tests were conducted at five points 
per decade around the open-circuit potential Eocp with a sinusoidal potential wave of 10 
mV in amplitude and frequency ranging from 100 kHz to 0.005 Hz. After 35 days of 




3. RESULTS AND DISCUSSION 
3.1 Microstructure of Enamel Coating with Sand Particles 
Fig. 3 shows the surface and cross-sectional SEM images of the sand particle 
modified enamel coatings. As shown in Fig. 3(a), the surface is uniform, and all the sand 
particles were embedded completely in the enamel coatings. However, the surfaces were 
not smooth, the location at sand particle are much higher than that without sand particles. 
Figure 3(b) shows the magnified SEM images of sand particles embedded in the enamel 
coating. No shrinkage-induced micro-cracks were observed around the sand particles. 
Figure 3(c) shows the comparison of two sand particle modified enamel coatings with 
10% and 50%; it can be clearly seen that the sample with 50% sand particles has a much 
rougher surface than that with 10% sand particles. Figure 3(d) shows the surface 
morphology with damaged coating area induced in the sample preparation process. Many 
small air bubbles (50 µm in diameter) distributed uniformly underneath a glassy pure 
enamel surface. Figures 3(e) and 3(f) show the cross-sectional SEM images and reveal 
good wetting between the enamel and the sand particles; no micro-cracks were observed 
at the interface of sand particles and enamel coating. There are some air bubbles 
distributed in the enamel coating, and they are not accumulated around the sand particles.       
3.2 Electrochemical Impedance Spectroscopy 
Fig. 4 presents representative EIS diagrams of the sand particle modified enamel 
coated steel bars in 3.5 wt.% NaCl solution for up to 35 days. As observed from the 
Nyquist diagrams, one big depressed semi-circle appeared for all samples. After one day 




significantly. However, for other samples with sand particle percentages from 10% to 
70%, the radii of the semi-circle increased over time, and this increase became much 
greater with an increase in the percentage of sand particles. For example, the 1 day radii 
of the semi-circle for sample with 5% sand particles is similar to that at the other different 
days, whereas a significant increase could be observed for samples with 50% and 70% 
sand particles.  In addition, there is also a small semi-circle in the high frequency range of 
the one-day Nyquist plots.  
The equivalent electrical circuit (EEC) method is usually used to fit the EIS test 
results, and this is illustrated in Fig. 5. This model was commonly used by other 
researchers to evaluate the corrosion resistance of steel samples with and without 
coatings [16-19]. Specifically, Rs represents the solution resistance, Rc represents coating 
resistance, CPEc represents coating capacitance, CPEdl represents double layer 
capacitance, and Rct represents charge transfer resistance. Replacement of capacitance 
with constant phase element CPE in the EEC models is attributed to the non-homogeneity 
in the corrosion system [20-21]. The impedance of CPE can be represented by the 
following equation: 
 
( )1 nCPEZ Y jω =                                                                                                               (1) 
 
where Y and n are two parameters related to the CPE. When n = 1, CPE resembles a 
capacitor with capacitance Y. When n =0, CPE represents a resistor with resistance Y-1. 
The effective capacitance based on CPE parameters was calculated according to the 






1/ (1 )/n n nC Y R −=
                                                                                                            (2)  
 
where parameters Rc, Yc and nc were used to calculate the effective capacitance of the 
coatings Cc; Rct, Ydl and ndl were used to calculate the effective capacitance of double 
layer Cdl, respectively. The curve-fitting parameters of the EEC model for all samples are 
tabulated in Table 3, in which Yc and nc are related to CPEc, and Yct and ndl are related to 
CPEdl. These parameters were normalized by the exposed surface area of 20.3 cm2.  
ZSimpWin was used to fit the EIS data with the different EEC models. The chi-
squared values in the fitting are in the range from 10-4 to 10-3, indicating an acceptible 
fitting. 
Fig.6 shows the dielectric properties of sand particle-modified enamel coatings in 
terms of coating resistance Rc and coating capacitance Cc. Each bar represents the average 
of three samples with an error bar representing one standard deviation. In general, the 
coating resistance and coating capacitance represent a degree of ability of the coating to 
resist the penetration of the electrolyte solution and the diffusion of test solution into the 
coating, respectively [24]. It is closely related to the dielectric properties, microstructure, 
thickness, and defects of the enamel coatings. As shown in Fig. 6, no general trend was 
observed for coating resistance over time, and the average measured coating resistance is 
in the range of 3~30 kΩ cm2 for all samples with different percentages of sand particle. 
Fig. 6(b) shows the coating capacitance, and all the samples had an increased coating 
capacitance over time except the sample with 5% sand particle. The increase of coating 
capacitance is due to the penetration of chloride into the coating layer, increasing its 
conductivity. The measured coating capacitance has a great scatter compared with 




Fig.7 shows the evolution of charge transfer resistance Rct and effective double 
layer capacitance Cdl with time. Charge transfer resistance measures the ease of electron 
transfer across the metal surface, which is inversely proportional to corrosion rate [23]. 
Double layer capacitance also reflects this point. As indicated in Fig. 7(a), no general 
trend was observed over time for charge transfer resistance, and all the samples have a 
charge transfer resistance in the range of 30~2000 kΩ cm2. However, there is an increase 
of double layer capacitance at 7 days for all samples, after which it remains stable with 
time up to 35 days. The increase of double layer capacitance is probably attributed to the 
enlargement of active corrosion area.   
3.3 Visual Observation  
Figure 8 shows the surface conditions of all sand particle modified enamel coated 
samples after being completely immersed in 3.5 wt.% NaCl solution for 35 days. Most of 
the corrosion products accumulated around some sand particles, but not around all sand 
particles.    
Figure 9 shows the surface observation of sand particles on the enamel coating 
before and after corrosion testing. Two consequences of the enamel processing were 
observed: the first is sand particles surrounded by a weak zone (Fig. 9c), and the second 
is sand particles without a weak zone (Fig. 9d). Sand particles with a weak zone would be 
potential corrosion sites. As can be observed in Fig. 9b, all corrosion products surrounded 
the sand particle. The weak zone is attributed to shrinkage cracks generated during the 
enamel cooling due to different coefficients of thermal expansion between the enamel 
body and the sand particles. In order to improve the corrosion resistance of sand particle-




sand particles should have the same coefficient of thermal expansion with the enamel 
coating. 
3.4 Comparison with Previous Study  
In the previous study [10], smooth rebar samples were tested using the EIS 
technique with three types of enamel coatings: pure enamel, mixed enamel, and double 
enamel. Pure enamel is a commercially available product, mixed enamel consisted of 
50% pure enamel and 50% calcium silicate by weight, and double enamel had an inner 
layer of pure enamel and an outer layer of mixed enamel. Figure 10 shows the 
comparison of coating properties for all nine types of enamel coatings in terms of coating 
resistance and coating capacitance. The addition of calcium silicate into the pure enamel 
reduced the coating resistance significantly, whereas the use of sand particles did not 
affect the coating resistance of pure enamel as indicated in Fig. 10(a). The coating 
capacitance increased a little due to the addition of calcium silicate for mixed enamel 
coating. The coating capacitance of sand particle-modified enamel coating increased with 
the sand particle percentage reached to 20%, then decreased at 30% and 50%. The 
samples with 70% sand particle had the lowest coating capacitance of 8.4×10-11 F/cm2.  
Figure 11 shows the comparison of ten different samples in terms of double layer 
capacitance and charge transfer resistance. The use of calcium silicate reduced the 
charger transfer resistance from 72 kΩ cm2 to 18 kΩ cm2, while the addition of sand 
particles increased the charge transfer resistance. When the sand particle addition is 5%, 
the charger transfer resistance was 700 kΩ cm2, which is 10 times higher than pure 
enamel. With an increase in sand particle percentage, the charge transfer resistance 




lower than pure enamel. This is because the number of sand particles with potential 
damage zones increases, resulting in a greater number of active corrosion sites. Figure 
11(b) shows the double layer capacitance for ten types of samples. Use of calcium silicate 
increased the double layer capacitance from 1.73×10-5 Fm/cm2 to 6.35×10-4 Fm/cm2, 
while addition of sand particles did not significantly affect the double layer capacitance.  
4. CONCLUSIONS 
 
Steel rebar with enamel coatings modified by different percentages of sand 
particles were tested in 3.5 wt% NaCl solution by EIS. Enamel coatings with some sand 
particles can wet the steel very well and no micro-cracks appeared in the composite 
coatings. Electrochemical results demonstrated that both the coating and corrosion 
properties of the samples with different percentages of sand particle did not change 
significantly with corrosion time. Compared with enamel coatings modified by calcium 
silicate, samples with sand particle performed much better in terms of both coating 
uniformity and corrosion properties. However, some of the sand particles would have 
different coefficient of thermal expansion, and generate a damage zone around these sand 
particles, potentially resulting in active corrosion. Therefore, quality control of the sand 
particles is the key factor to improve the corrosion performance when added in the 
enamel coating.  
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Fig.3. SEM images for (a-d) surface and (e-f) cross sectional morphologies of sand 








































































































































































Fig.4. Typical EIS diagrams for sand particle modified enamel coating with different 





























































       

















































































     





















































          
 
Fig.8. Surface conditions of pure enamel coated steel bar with different sand particles 
















    
  
Fig.9. Surface observation for: (a) sand particle before corrosion test, (b) sand particle 
after corrosion test, (c) sand particle with weak zone before corrosion test, and (d) sand 







































































































































         
Fig.10. Comparison of coating properties with previous study [10]: (a) coating resistance, 












































































































































     
Fig.11. Comparison of corrosion properties with previous study [10]: (a) charger transfer 



















Table 1   
Chemical composition of pure enamel  
Materials SiO2 B2O3 Na2O K2O CaO CaF2 Al2O3 ZrO2 CoO MnO2 NiO 






















Table 2  
Chemical composition of steel bar 
Element C Si Mn P S Cr Mo Ni Co Cu V Sn Fe 






























3. SUMMARY AND CONCLUSIONS 
 Porcelain enamel is an alternative coating materials for reinforcement steel in 
concrete structures, because it has some advantages as follows. First, it has very stable 
chemical properties in harsh environments. Second, the properties of enamel are flexible 
and can be tailored for various applications. Third, it can chemically bond with the 
substrate steel. Lastly, as a coating, it can establish a physical barrier between steel bar 
and the corrosive environment.  
For application of enamel coatings on reinforcement steel, there are two concerns. 
The first is the bond strength with surrounding concrete, and the second is the corrosion 
performance.    
Addition of calcium silicate into the enamel coating could make it chemically 
react with surrounding concrete and form a strong area resulting in enhanced bond 
strength. However, addition of calcium silicate changed the microstructure of enamel 
coatings. Air bubbles in the pure enamel were released due to the connected channels 
formed by addition of calcium silicate. The connected channels provided paths for 
corrosive chemicals to penetrate and as a result, the corrosion resistance decreased 
significantly. These results are described in the first paper. 
The primary constituent of sand particles is quartz, which is as the same as 
enamel coating. Therefore, addition of sand particles could be another option for 
enhanced bond strength and improved corrosion resistance. The increase of bond strength 
with concrete after adding sand particles was attributed to the increased surface 
roughness. Results in the second paper showed that the addition of sand particles did not 




demonstrated that the corrosion resistance of enamel coating modified by sand particle 
did not change significantly. Visual observation after corrosion test showed corrosion 
products surrounded some sand particles. This is because the sand particles used in this 
study were not uniform, some of them might have different coefficient of thermal 
expansion with enamel coating. Therefore, quality control is the key factor to increase the 




4. SUGGESTION FOR FUTURE WORK 
 Based on the findings and conclusions stated in the previous sections, future work 
on modified enamel coating should focus on the sand particles when applied to 
reinforcement steel both to enhance bond strength with concrete and to improve corrosion 
resistance. The addition of sand particles did not affect the corrosion resistance of enamel 
coatings. However, the surface roughness increased in comparison with pure enamel 
coating. The following suggestions are given in regards to the future work of enamel 
coating modified by sand particle applied to reinforcement steel for concrete:  
1. The quality of sand particles used in the enamel coating should be strictly 
controlled. The corrosion resistance of enamel coating after being modified by 
these sand particles should be studied to make sure the problems found in this 
thesis could be solved.  
2. The corrosion resistance of enamel coating modified by highly controlled sand 
particle should be investigated when they are embedded in concrete. Because the 
design of this coating is aimed to enhance the bond strength with concrete as well 
as to improve corrosion resistance of reinforcement steel in concrete. Concrete is 
the practical environment for this coating instead of pure salt solution.  
3. The bond strength should be tested with different percentage of sand particles, as 
well as different size of sand particle. The amount of sand particle applied on the 
reinforcement steel surface is related to the surface roughness. When the amount 
of sand is small, the surface roughness is low; and when the amount of sand 
particles is great, the surface roughness is also low. Therefore, there is an 




4. The corrosion resistance and bond strength should be tested when applied to 
deformed reinforcement steel bar, because the deformed steel bar is used widely 
instead of smooth steel bar. Rib deformation on the deformed steel bar would 
cause non-uniform coating thickness, and also reduce the height of the rib, both of 







































































           


























Figure 1:  EIS results of pure enamel coating with 5% sand particles 
 























      






















     






















































      























    
























Figure 3:  EIS results of pure enamel coating with 20% sand particles 























     























   



















































     























      
























Figure 5:  EIS results of pure enamel coating with 50% sand particles 























    
























    


























Figure 6:  EIS results of pure enamel coating with 70% sand particles. 
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